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During the operation of nuclear power plants, the plant's reactor materials can 
be corroded. In the prevailing conditions, the corrosion products are activated. 
This results in radiation background which should be minimized in order to 
protect the plant personnel. One of the most harmful radionuclides 
responsible for the radiation exposure is 60Co due to its relatively long half-life 
and high gamma decay energy. In order to remove the radioactive cobalt 
isotopes from the surface of the structures of the reactor, decontamination 
solutions can be used. These solutions can contain organic complexing agents, 
like ethylenediaminetetraacetic acid (EDTA). Thus, cobalt is present in the 
solutions as a non-ionic species, complexed with EDTA. This creates a 
challenge since the removal of cobalt-EDTA complexes may not be possible by 
using conventional methods, like ion exchange. In addition, the waste 
solutions quite often contain high concentrations of stable metals and only 
trace concentrations of radioactive cobalt.  
Even though the usage of EDTA in the nuclear industry has decreased, vast 
amounts of EDTA bearing radioactive liquid waste are stored in tanks. The 
stability of cobalt-EDTA complexes is rather high and efficient oxidation 
methods are required for the degradation of the complexes. Advanced 
Oxidation Techniques have proven their usability for the degradation of EDTA 
and became also the main motivation of this dissertation together with the 
removal of cobalt by using inorganic sorbent materials.  
The dissertation summarizes the usability evaluations of different 
inorganic sorbent materials for the cobalt uptake in EDTA bearing solutions. 
A commercial titania based ion exchange material CoTreat® (manufactured by 
Fortum Power and Heat Oy) was tested in combination with different 
Advanced Oxidation Techniques including ozonation and ultraviolet (UV) 
irradiation. When the process was divided into two stages, first the oxidation 
of EDTA as a pretreatment, and secondly the removal of cobalt by CoTreat®, 
very good results were achieved. Other sorbent materials under study were 
synthesized titanium antimonates and antimony oxides. The titanium 
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antimonates were tested without the oxidation of EDTA and proved their 
usability to remove cobalt especially in acidic solutions. When the synthesized 
antimony oxides were studied, it was noticed that UV irradiation had a 
favourable effect on the cobalt sorption efficiency even in the absence of EDTA 
in the solution. It was demonstrated that a single-stage process combining the 
UV oxidation and removal of cobalt can be utilized with antimony oxides. 
Interfering ions, like calcium or nickel in the solution affected the cobalt 
sorption efficiency of antimony oxide. However, the obtained results were 
encouraging and the possibility to use antimony oxide as an efficient sorbent 
for cobalt from aqueous nuclear waste became clear.  
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1.1 RADIOACTIVE COBALT IN AQUEOUS NUCLEAR 
WASTE 
 
Cobalt is a transition metal which has 28 characterized radioisotopes. Most of 
these radioisotopes have half-lifes less than 18 hours. Longer half-lifes belong 
to the following radioisotopes: 60Co, 57Co, 56Co and 58Co (see Table 1), which 
can be referred to as the main radioisotopes of cobalt. The decay mode for 
60Co is beta decay, and for 56-58Co electron capture. The decay schemes for 60Co 
and 57Co are presented in more detail in Figures 1 and 2, respectively. 
 
Figure 1 Decay scheme for 60Co (data obtained from Chu et al., 1999).  
 
Figure 2 Decay scheme for 57Co (data obtained from Chu et al., 1999).  
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The gamma decay energies of 60Co are high, 1332 and 1173 keV (Chu et al., 
1999), compared to the gamma decay energies of the other main isotopes 
(Table 1).  
Table 1 The gamma decay energies with intensity over 80% of the main radioisotopes 
of cobalt (Chu et al., 1999). 








57Co 122 85.60  271.79 d 
56Co 846 100  77.27 d 
58Co 810 99.00  70.86 d 
 
 
Two of the main isotopes, 60Co and 58Co, can be produced by neutron capture 
in nuclear power plants (NPPs). Production of 60Co and 58Co emerge through 
the following reactions: 
(1) 59Co(n, )60Co, 
(2) 58Ni(n, p)58Co, 
 
where 59Co and 58Ni are stable isotopes of cobalt and nickel, respectively. The 
stable isotopes of cobalt and nickel are present in the structural components 
of the NPP reactor. Before going to the origin of the neutrons needed for the 
above reaction, we can take a closer look at the conditions at the NPP reactor. 
For pressurized water reactors (PWRs) and boiling water reactors (BWRs) the 
conditions are approximately the following:  
C 
 
Intense - and neutron irradiation  
The conditions cause potentially severe corrosive conditions for the reactor 
materials (Choppin et al., 2013). Corrosion leads to the release of small 
amounts of Fe, Cr, Co, and Ni in the cooling circuit. These corrosion products 
are impurities in the cooling circuit and may exist in ionic, colloidal and 
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insoluble oxide / mixed oxide forms. The insoluble oxides and mixed oxides 
are referred to as crud and can be defined as the particulates which can can be 
filtered at ambient temperature by 0.45 μm Millipore membrane (Lin, 2009). 
Iron is the dominating corrosion product in BWR coolant (concentration can 
be over 90%), but nickel concentration may be as high as 20% (Lin, 2009). 
The PWR coolant contains similar concentrations of iron and nickel (Grygar 
and Zmitko, 2002). Crud can also contain for example copper from the BWR 
condenser system or boron from the boric acid control system for PWR 
(Choppin et al., 2013). The concentration of cobalt is generally very low, less 
than 1% of the total concentration of the corrosion products (Lin, 2009). 
Formation of corrosion products in BWR and PWR is affected by the 
composition of the reactor materials and the cooling water chemistry, thus  
concentrations of corrosion products may vary in each reactor. In addition, the 
solubility of each corrosion product plays an important role in their transport 
behavior in the cooling circuit. As an example of the complexicity of the 
transport of corrosion products, a block diagram of corrosion product 
transport in BWR primary cooling system is presented in Figure 3. The terms 
"inner layer" and "outer layer" used in Figure 3 refer to the possible double 
layer formation which has been observed for example on fuel cladding surfaces 
(Lin, 2009). The "inner layer" and "outer layer" can be separated by 




Figure 3 Block diagram of corrosion product transport in BWR primary system (reproduced 
from Lin, 2009).  
 
The activation of the corrosion products takes place due to the neutron 
absorption when the products pass the reactor core and results in the 
formation of 60Co and 58Co, as an example. The contaminated inner surfaces 
of the reactor cooling circuit or its componen -
radiation background for the plant's personnel. It has been estimated that 60Co 
causes up to 80% of the radiation exposure to the reactor operating personnel 
(Varga et al., 2001). 
Since minimizing the radiation exposure to plant personnel is one of the 
main concerns in operating nuclear power plants, a variety of decontamination 





decontamination methods can be divided in mechanical and 
chemical/electrochemical methods. The most suitable decontamination 
technique can be selected based on several criteria, e.g. the decontamination 
factor (DF, usually defined as DF = initial activity/residual activity), the 
material compatibility, the waste volume, ALARA (As Low As Reasonably 
Achievable) requirements and commercial values (Kinnunen, 2008). 
Mechanical decontamination is usually applied to single components (e.g. 
the main coolant pump). One of the mechanical decontamination techniques 
is ultrasonic cleaning which, for example, EPRI (Electric Power Research 
Institute) has utilized for the decontamination of fuel rods. In the ultrasonic 
cleaning technique developed by EPRI, an optimum arrangement of special 
transducers are used. This results in an ultrasonic energy field, which is able 
to "see around" the intervening fuel rods in the centre of the fuel assembly. 
The produced energy field has also relatively uniform intensity throughout the 
fuel matrix. The process produces only the dislodged deposits as waste (Blok 
et al., 2002). 
Chemical decontamination has been applied to both single component and 
full system decontamination, whereas electrochemical decontamination is 
usually applied to components. During chemical decontamination, the 
decontaminated surfaces are treated with different chemicals which dissolve 
the contamination and oxide layer from the surfaces of the reactor cooling 
system. Because the oxides of Fe, Ni, and Cr are practically insoluble in pure 
neutral water, chelating agents are added to the decontamination solutions 
(Kinnunen, 2008). One example of the chemical decontamination techniques 
is HP/CORD® UV where oxalic acid is used as a chelating agent (Stiepani and 
Bertholdt, 2005). The abbreviation stands for:   





UV UltraViolet light 
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The HP/CORD® UV process is applied as an multi-cycle process. These cycles 
can be divided in following steps (Stiepani and Bertholdt, 2005):  
1. Oxidation using permanganic acid (HMnO4); 
2. Reduction of permanganic acid using decontamination chemical; 
3. Decontamination; 
4. UV-decomposition of decontamination chemicals.  
In addition to oxalic acid, also ethylenediaminetetraacetic acid (EDTA) has 
been used to increase the solubility of the metal oxides of crud during 
decontamination processes (Nelson, 1981). More recently, the usage of EDTA 
was reported in context with the chemical cleaning process of PWR steam 
generator (Fujiwara et al., 2006). It was stated that in some PWRs the 
corrosion products can deposit and adhere to steam generator components 
which suppresses heat transfer, however, good cleaning efficiency had been 
achieved with a process containing EDTA (Fujiwara et al., 2006). The specifics 
of this organic complexing agent are discussed in more detail in the next 
chapter. 
1.2 ETHYLENEDIAMINETETRAACETIC ACID 
Ethylenediaminetetraacetic acid (EDTA) is one of the organic complexing 
agents used in NPP decontamination methods. As a solid compound, EDTA is 
usually present as the disodium salt dehydrate (Na2H2-EDTA•2H2O) (Bergers 




Figure 4 Structure of EDTA (ethylenediaminetetraacetic acid, systematic name N,N' - 1,2-
ethanediylbis[N - (carboxymethyl)glycine] disodium salt) (reproduced from Bergers et 
al., 1994). 
EDTA is an amino carboxylic complexing agent that has the ability to form 
water-soluble 1:1 complexes with di- and trivalent metal ions coordinating the 




Figure 5 Structure of a metal-EDTA complex. 
Compared to other metal-ligand complexes, the ring formation leads to a 
higher stability of the complexes. EDTA is poorly biodegradable and very heat 
resistant, implying that formed metal-chelates are very stable and difficult to 
break apart (Bucheli-Witschel and Egli, 2001). It has been demonstrated, that 
only Fe(III)-EDTA complexes can be eliminated by photodegradation under 
environmental conditions in shallow rivers (Kari and Giger, 1995). The main 
photodegradation products of Fe(III)-EDTA have been reported as carbon 
dioxide, formaldehyde, N-carboxymethyl-N,N´-ethylenediglycine (ED3A) 
and N,N'-ethylenediglycine (EDDA-N,N') (Lockhart and Blakeley, 1975, and 
Metsärinne et al., 2001). Another evaluation of the degradation products of 
EDTA has been made in a study where EDTA was degraded under UV 
irradiation in the presence of the commercial photocatalyst Degussa P25 
(titania) in pH 3 (Babay et al., 2001). In the research, the possible 
intermediates of EDTA degradation were named as glycine, ethylenediamine, 
ammonium, formaldehyde, and formic, iminodiacetic, oxalic, oxamic, glycolic 
and glyoxylic acids (Babay et al., 2001). The concentrations of produced 
nitrate, nitrite, and ammonium ion concentrations have been analyzed after 
TiO2 mediated photocatalytic oxidation of EDTA in the absence and presence 
of Fe2+, Cu2+, Zn2+, Ni2+ or Co2+ ions (Onar and Akdemir, 2007). It was shown 
that in the presence of Fe2+, Ni2+, and Co2+, the concentration of produced 
ammonium ion was lower than in the absence of metal ions below pH 7 (Onar 
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and Akdemir, 2007). The effect of Fe2+, Ni2+, and Co2+ on the formation of 
nitrite and nitrate ions varied indicating that the type of the metal ion present 
in the photocatalytic reaction medium affects the produced ion concentrations 
(Onar and Akdemir, 2007). It should be mentioned that some of the 
degradation products of EDTA (like oxalic acid and ammonia) can form 
complexes with cobalt and other metals affecting the behavior of metals in the 
solution.  The EDTA degradation processes presented in the dissertation are 
included in the Advanced Oxidation Techniques, the theory and chemistry of 
which will be presented in the chapter 1.3 Advanced Oxidation Techniques. 
Even though the usage of EDTA in the nuclear industry has been reduced, 
EDTA bearing liquid wastes generated in earlier years can be found stored in 
tanks. It has been reported that the 149 radioactive liquid waste tanks at the 
Hanford Complex in the United States contain 83 tons of EDTA (Samuels et 
al., 1994). The mobilization of radionuclides from waste disposal sites has been 
studied in Oak Ridge, Tennessee (Means et al., 1978). The intermediate-level 
radioactive liquid waste was disposed of in seven different seepage pits and 
trenches at the Oak Ridge National Laboratory between 1951-1965. The liquid 
waste contained EDTA which had been used in the decontamination 
operations at nuclear facilities. It had been studied, that the shale in the Oak 
Ridge has a high adsorption capacity for cobalt. Thus, Oak Ridge was 
considered as a suitable area for the disposal of cobalt-containing waste. The 
mobilization of cobalt should have been negligible. However, in the presence 
of EDTA, the cobalt adsorption capacity of the shale was drastically reduced 
and mobilization rate of cobalt was possibly accelerated by several orders of 
magnitude (Means et al., 1978). 
The possible effect of EDTA on the leachability and mobility of 
radionuclides, including cobalt, needs to be taken into account when 
evaluating the quality of the radioactive wastes. Thus, the degradation of 
EDTA can be seen favorable considering the safe and efficient disposal of 
radioactive waste.  
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1.3 ADVANCED OXIDATION TECHNIQUES 
Advanced Oxidation Techniques (AOTs) can be defined as processes 
generating sufficient quantity of hydroxyl radicals to affect water purification. 
The reactivity of the hydroxyl radicals is exploited in oxidation processes 
which are suitable for the degradation of organic substances, like EDTA 
(Chitra et al., 2013). Advanced Oxidation Techniques include the following 
processes (Andreozzi et al. 1999): 
 H2O2 / Fe2+   (Fenton) 
 H2O2 / Fe3+   (Fenton-like) 
 H2O2 / Fe2+ (Fe3+) / UV  (Photo assisted Fenton) 
 H2O2 / Fe3+ - Oxalate / UV (Photo assisted Fenton) 
 Mn2+ / Oxalic acid / Ozone 
 TiO2 / h  / O2  (Photocatalysis) 
 O3 / H2O2 
 O3 / UV 
 H2O2 / UV  
1.3.1 FENTON PROCESSES  
One of the widely studied applications of Advanced Oxidation Techniques is 
the production of hydroxyl radicals by Fenton’s reagent which is a 
combination of hydrogen peroxide and iron(II) (ferrous) salts (Andreozzi et 
al., 1999): 
(3) +    +  +  • 
Iron is an abundant and non toxic element and hydrogen peroxide is easy to 
handle and environmentally safe chemical, which makes this oxidative system 
attractive for waste water treatment (Andreozzi et al., 1999). At a pH value of 
2.7 - 2.8, Fe3+ can be reduced to Fe2+ producing hydroxyl radicals (Andreozzi 
et al., 1999): 
(4) +   +   
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(5)  • +   
This process is called a Fenton-like process and in these conditions, iron can 
be considered as a catalyst. 
1.3.2 PHOTOASSISTED FENTON PROCESSES 
It is possible to accelerate the rate of degradation of organic substances with 
Fenton and Fenton like reagents by irradiation with UV-VIS light (Andreozzi 
et al., 1999). When the UV-VIS light irradiation is at wavelength values higher 
than 300 nm, the photolysis of Fe3+ complexes allows Fe2+ regeneration: 
(6) ( ) + • 
Due to the presence of H2O2, the process continues as was presented in 
reaction (3). 
An improvement of photoassisted Fenton processes is the utilization of 
ferrioxalate in the process (Safarzadeh-Amiri et al., 1996): 
(7) [ ( ) ] +  [ ( ) ] + •  
(8) • + [ ( ) ] [ ( ) ] + + 2  
(9) • +   • +  2  
The ferrous ions, Fe2+, formed in the process can be free or complexed with 
oxalate. When hydrogen peroxide is added to the solution, the ferrous ions 
react with hydrogen peroxide generating hydroxyl radicals through reaction 
(3). Thus, the photolysis of ferrioxalate in the presence of hydrogen peroxide 
provides a continuous source of Fenton's reagent (Zepp et al., 1992). One 
benefit of using ferrioxalate originates from its ability to absorb UV light over 
a broad range of wavelengths, 250 - 500 nm (Safarzadeh-Amiri et al., 1997). 
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1.3.3 UTILIZATION OF OZONE 
Hydroxyl radicals can also be generated in the presence of short wavelength 
UV irradiation from hydrogen peroxide in the presence of ozone. Ozone has a 
strong UV absorbance especially at around 254 nm wavelength. Absorption of 
UV radiation leads to the decomposition of aqueous ozone and can be 
presented with following equations (Bains et al., 2003): 
(10) +    +   (    ) 
(11) +  2 •    
(12) +    +   2 •  
  
Ozone has a short life time in alkaline solutions. One possible route for the  
decomposition of ozone in aqueous solution developes through the formation 
of OH radicals, OH- ions acting as the initiator (Gardoni et al., 2012): 
(13) +    +  ,     
(14) +    • +  •  
(15) •   +  •  
(16) • +    +  •  
(17) • +    • 
(18) •   • +   
(19) • +  •   +   
Hydrogen peroxide is formed during the ozone decomposition in aqueous 
solution. However, the addition of hydrogen peroxide to the ozone containing 
solution will enhance the ozone decomposition by the formation of hydroxyl 
radicals. The efficiency of the process is highly affected by the solution pH 
since the concentration of the conjugate base, HO2-, is dependent on pH. Since 
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HO2- is an active species in the ozone decomposition process, its concentration 
affects the decomposition efficiency (Andreozzi et al., 1999). 
One option to enhance ozone decomposition is to use the Mn2+/oxalic acid 
system to produce hydroxyl radicals. In this process Mn2+ catalyses the 
ozonation of oxalic acid at pH above 4. Mn(III)-dioxalate and Mn(III)-
trioxalate are formed and it has been presumed that the process proceeds 
through the formation of hydroxyl radicals (Andreozzi et al., 1992): 
(20) ( )( ) +  +  ( ) + ( 1)( ) + 2 +  + • 
1.3.4 H2O2/UV AND O3/UV PROCESSES 
It is possible to produce hydroxyl radicals by combining UV light with 
hydrogen peroxide or ozone. In hydrogen peroxide photolysis (H2O2/UV), the 
solution containing organic species and hydrogen peroxide is irradiated with 
UV light having wavelengths smaller than 280 nm. Homolytic cleavage of 
hydrogen peroxide occurs in these conditions (Anreozzi et al., 1999): 
(21)   2 • 
Hydrogen peroxide itself is attacked by hydroxyl radicals: 
(22) 2( +  •)   + • 
(23)  •    +  
In the process where ozone and UV light are combined (O3/UV), aqueous 
solution saturated with ozone is irradiated with UV light of 254 nm in a 
suitable reactor. It has been reported that the principal active species in 
photolytic ozonation is the hydroxyl radical. In addition, the photolysis of 
aqueous ozone directly yields hydrogen peroxide. Hydrogen peroxide 
participates in secondary reactions with ozone to produce hydroxyl radicals. 
The main two routes can be simplified as follows (Peyton and Glaze, 1988): 
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(24)  +   +   
(25) +  + 2 • 
1.3.5 PHOTOCATALYSIS 
Titania is one of the most efficient materials used to catalyze the 
photodegradation of organic materials under UV irradiation. According to 
general acceptance, the anatase phase of titania exhibits higher photocatalytic 
activity compared to the rutile phase of titania (Luttrell et al., 2014). However, 
the most commonly used titania photocatalyst, Degussa P25, is a mixture of 
both, anatase and rutile phases. One of the explanations for this enhanced 
photocatalytic effectiveness of the mixed phased Degussa P25 has been 
divided into three factors (Hurum et al., 2003): 
 
1) Useful range of photoactivity is widened into visible region due to the 
smaller band gap of rutile phase. 
2) Charge separation is stabilized by electron transfer from rutile to 
anatase slowing down recombination. 
3) The electron transfer is facilitated by the small size of the rutile 
crystallites. Thus, particle size and the interface between the rutile / 
anatase interface are crucial for the process.  
Titania is a semiconductor which produces electron-hole pairs, e- + h+, under 
UV irradiation at wavelengths of 390 nm or less (Madden et al., 1996). The 
photocatalytic process with TiO2 is initiated by the excitation of TiO2 by UV 
light (Fujishima et al., 2000): 
(26) +    +      
The formed electrons can reduce some metals and dissolved oxygen forming 
the superoxide radical ion O2•-. The remaining holes located at the TiO2 valence 
band can migrate to the surface of the catalyst and produce hydroxyl radicals 
by oxidizing water or hydroxide, HO- (Andreozzi et al., 1999): 
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(27) ( ) +    +  • +   
(28) ( ) +    +  •  
Direct oxidation of an adsorbed species on the surface of the photocatalyst is 
also possible by direct hole oxidation (Andreozzi et al., 1999): 
(29) ( ) +  +  •  
 
1.4 SELECTED SORBENT MATERIALS 
The ion exchange properties of various metal oxides and hydrous metal oxides 
have been studied. Many of these studied materials are sparingly soluble solid 
materials which have an excess positive or negative charge localized in specific 
locations in the functional groups or framework structure of the material. The 
materials have an ability to change a charged ion from a solution to an 
equivalent ionic amount of other ions from their surface (Helfferich, 1995). 
Inorganic sorbent materials are generally stable to ionizing radiation and to 
relatively high temperatures which makes them suitable for use in nuclear 
waste processing (Clearfield, 2000). Quite often the aqueous nuclear waste 
contains only trace amounts of radionuclides and high concentrations of stable 
metal ions. It  has been reported that the concentration of 60Co in a floor drain 
water at the Loviisa nuclear power plant in Finland is 9.5·10-13 mol L-1, whilst 
the concentrations of various stable ions or compounds are comparatively 
high: 1.6·10-3 mol L-1 Na+, 0.2·10-3 mol L-1 K+, 0.02·10-3 mol L-1 Ca2+ and 2.6·10-
3 mol L-1 H3BO3 (Harjula et al., 1999 b). The removal of cobalt from the liquid 
waste can be influenced by the macro-elements, especially the divalent cation 
Ca2+. Also other chemically similar transition metals present in the liquid 
waste in much lower concentrations, may compete for the sorption sites on the 
solid material. Thus, high selectivity of the sorption material is required for 
efficient removal of radionuclides. 
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It has been reported that when hydrous metal oxides were heated, the ion 
exchange capacity of the material was decreased (Granados et al., 2006). Since 
heating eliminates water from the metal oxide, it was concluded that the water 
contained in the particles of the metal oxide is responsible for the ion exchange 
of the hydrous metal oxides, as presented in Figure 6. This ion exchange 
reaction could be written as follows (Granados et al., 2006) for the sorption of 
cobalt: 




Figure 6 Ion exchange of hydrous oxides and cobalt in solution (reproduced from Granados et 
al., 2006). 
In this chapter, the sorbent materials selected for the dissertation are 
briefly introduced. Also, an explanation is given for the grounds of choosing 
the materials for the study. 
1.4.1 TITANIA 
The hydrous form of titania can be used as an ion exchange material for 
radionuclides such as strontium and cobalt (Abe, 1982). Titania exists as two 
main polymorphs, anatase and rutile (Hanaor and Sorrell, 2011). The bulk 
structure of rutile and anatase phases of titania are presented in Figure 7. Both 
of these titania types, rutile and anatase, exist also as hydrous oxides and are 




Figure 7 Bulk structures of rutile and anatase. The tetragonal bulk unit cell of rutile has the 
dimensions, a = b = 4.587 Å, c = 2.953 Å, and the one of anatase a = b = 3.782 Å, c 
= 9.502 Å. In both structure, slightly distorted octahedra are the basic building units. 
The bond lengths and angles of the octahedrally coordinated Ti atoms are indicated 
and the stacking of the octahedral in both structure is shown on the right. (Reprinted 
with the permission of Elsevier from Diebold, 2003.) 
One of the commercially available sorbent materials based on titania is 
CoTreat® (Fortum Power and Heat Oy, Finland) which is highly selective for 
58,60Co and other corrosion product nuclides (54Mn, 59Fe, 65Zn and 63Ni) 
(Harjula et al., 1999 a). It has been reported that CoTreat® is supplied in mixed 
Na+/H+ -form and that the material is poorly crystalline or microcrystalline 
(Harjula et al., 2010). Processing capacities in the range of 50,000 – 500,000 
L kg-1 should be obtainable for the removal of 58,60Co using CoTreat® (Harjula 
et al., 1999 a). Controlling the pH of the water to be treated is crucial for 
achieving high removal efficiencies since CoTreat® has its optimum operating 
pH area between pH 5-7. 
CoTreat® was selected as one of the sorbent materials for cobalt in this 
dissertation since its sorption efficiency in accordance with advanced 
oxidation techniques has not been studied before. As was mentioned, the 
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sorbent material has proven efficiency for the removal of cobalt when cobalt is 
in free, ionic form. This was seen as a good basis for the research on the 
required pretreatment methods for cobalt removal in the presence of EDTA.  
1.4.2 TITANIUM ANTIMONATES 
One of the driving forces to study the ion exchange properties of titanium 
antimonates has been the need for an acidic ion exchange material which could 
remove strontium from acidic solutions in the presence of calcium (Möller et 
al., 2003). It has been concluded that the ion exchangers calcium tolerance in 
strontium exchange could be derived by using titania and the acidity of the 
material could be increased by using antimony (Karhu et al., 2000). The most 
suitable molar ratio of Ti and Sb in titanium antimonate has been studied e.g. 
for the removal of alkali metal ions from nitric acid solutions. The results 
indicated that a titanium antimonate material with Ti:Sb ratio of 1.56 has a 
larger number of stronger acid sites available for ion exchange than that of 
Ti:Sb ratio 3.7 (Abe et al., 1985). Thus, the material with Ti:Sb ratio of 1.56 
exhibited higher ion exchange efficiency. The rather odd molar ratios of Ti and 
Sb in the materials originate from the molar ratios used in the synthesis of the 
materials. When the Ti:Sb ratio of 1.5 was used in the synthesis solution, the 
molar ratio in the material was 1.56. Respectively, when the Ti:Sb ratio of 3.0 
was used in the synthesis, the molar ratio of the material was 3.7. (Abe et al., 
1985) 
A selectivity series of titanium antimonates with increasing ion exchange 
property follows the order Na+  K+  Rb+  Li+  Cs+ for alkali-metal ions in 
hydrochlorid acid media (Abe and Tsuji, 1983) and Mn2+  Ni2+  Cd2+  Zn2+ 
 Co2+  Cu2+  Fe2+ for divalent transition metal ions in nitric acid media 
(Chitrakar and Abe, 1986). The structure of titanium antimonates has been 
described to consist of a titanate ´backbone´and -OSbH groups which are 
evenly distributed onto the titanate matrix (Abe et al., 1985). 
Titanium antimonates are interesting sorption materials due to the acidity 
of the sorbents. In addition, there was no information available about the 
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cobalt sorption efficiency of titanium antimonates in the presence of EDTA. 
Thus, the materials were selected to be studied in this dissertation.  
1.4.3 ANTIMONY OXIDES 
One of the first studies revealing the usability of antimony oxides as ion 
exchange material was published in 1968 discussing the cation-exchange 
behaviour and surface functionality of three different antimonic acids, 
amorphous, glassy and crystalline (Abe and Ito, 1968). The materials were 
heated in order to see the effect of the loss of water to the ion exchange 
capacity. The loss of chemically bonded water caused decrease in the ion 
exchange capacity of the amorphous and glassy antimonic acids. Heating of 
ave effect on the ion exchange 
capacity. It was concluded that the loss of the interstitial (free) water doesn't 
have an effect on the ion  exchange capacity of the material and no drastic 
change occurs on the surface structure of the crystal when heated u . 
(Abe and Ito, 1968). An estimation of the surface structure of amorphous and 
glassy antimonic oxide is presented in Figure 8, and that of crystalline 




Figure 8 The surface structure of amorphous and glassy antimonic oxide, Sb2O5•nH2O 






Figure 9 Structure of crystalline antimony oxide, H2Sb2O5(OH)2 (reproduced from Abe and Ito, 
1968). 
The composition of the pyrochlore form antimony oxide, Sb2O5•nH2O, has 
been reported to correspond to n = 3 or 4 (Zouad et al., 1992). The pyrochlore 
'sceleton' consists of corner sharing (SbO6/2) octahedral carrying excess 
negative charge and two types of protons (protons in hydronium ion, H3O+, 
groups and protons bonded to the framework oxygen) are available for ion 
exchange (Zouad et al., 1992). The selectivity series of crystalline antimony 
oxide follows the series Ni2+  Co2+ Zn2+  Cu2+  Mn2+  Cd2+ in nitric acid 
solution (Abe and Sudoh, 1980). 
Antimony oxides were selected as sorbent materials in this dissertation in 
order to deepen the knowledge on cobalt sorption properties of these acidic 
sorbent materials. No information was available related to the removal of 
cobalt in the presence of EDTA using antimony oxides. In addition, the effect 
of UV irradiation on the cobalt sorption efficiency of the sorption materials has 
not been presented elsewhere.   
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2 AIM OF THE STUDY 
The overarching aim of the thesis is to develop methodologies for cobalt 
removal from aqueous nuclear waste that contains complexing agents, 
especially EDTA. The first aim of the thesis is to evaluate the benefits of a two-
stage treatment process, where the cobalt-EDTA complexes are first oxidized 
using Advanced Oxidation Techniques, this is then followed by the removal of 
cobalt using the commercial titania, CoTreat®. Aim 2 is to improve on this two-
stage process, ultimately targeting development of a sorbent material that can 
be utilized for the selective sorption of cobalt in the presence of EDTA without 
any additional chemicals. Utilization of a single-stage process offers a more 
efficient treatment process from the perspective of industrial scale water 
purification. The development of the sorbent material to meet aim 2 is guided 
by the sorption performance of CoTreat®.      
 
Reflecting the above aims, the dissertation attempts to address the 
following research objective: 
I) Evaluate the efficiency of the commercial titania, CoTreat®, for the 
removal of cobalt in a single- and two-stage treatment process. 
II) For the two-stage treatment process, evaluate the suitability of 
different Advanced Oxidation Techniques that can be used in 
combination with CoTreat®.  
III) Utilize the results from (I) and (II) to develop the sorbent material 
further and evaluate the suitability of the developed sorbent 
material in a single-stage Co-removal process using UV irradiation 
as an oxidation method.    
IV) Develop the sorbent material synthesis to be done with less harmful 
chemicals. Utilize the single-stage process from (III) and evaluate 






3.1 MATERIALS SYNTHESIS 
The only commercial sorbent material chosen for this study was the titania 
material CoTreat® (article I), and it was used as received. Other materials, 
titanium antimonates (article II) and antimony oxides (article III and IV) 
were synthesized in the laboratory. All synthesized materials were used in 
powder form with particle size distribution between 100 and 200 mesh (149 - 
74 μm). 
3.1.1 TITANIUM ANTIMONATES 
Titanium antimonates were synthesized by modification (Karhu et al., 2000) 
of a known method (Abe et al., 1985 and Abe and Tsuji, 1983). Reagents used 
were 99% titanium tetrachloride and 98% antimony pentachloride.  
First, to prepare the material called TiSbA, 4 mL of a mixture of titanium 
tetrachloride (2.25 mL) and antimony pentachloride (1.75 mL) with a molar 
ratio of 1.5 was prehydrolyzed with an equal volume (4 mL) of distilled water. 
The reaction with water is violent, thus extra caution was taken for the 
preparative work. The synthesis vessel (beaker, volume 2 L) was placed in a 
safety vessel (plastic bucket, volume 10 L) in order to prevent possible spills 
from spreading in the fume hood. Distilled water (496 mL) was added mixing 
the synthesis mixture by using a propeller stirrer. After the addition of water, 
mixing continued for 30 minutes. The white precipitate formed was allowed 
to stay in the mother liquor at 60°C overnight. Then the synthesis mixture was 
centrifuged and the supernatant was removed using suction. The white 
precipitate was washed by adding distilled water (~500 mL) and mixing the 
precipitate with the added water for 15 minutes. The mixture was allowed to 
settle for one hour before removing the supernatant. Washing was repeated 
until the pH of the wash solution was about 2. Supernatant was removed by 
suction before drying the precipitate at 110°C overnight.  
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When synthesizing the material called TiSbB, 10 ml of a mixture of titanium 
tetrachloride (5.65 mL) and antimony pentachloride (4.35 mL) with a molar 
ratio of 1.5 was prehydrolyzed with an equal volume (10 mL) of distilled water. 
The reaction with water is violent, thus extra caution was taken for the 
preparative work, as was described above for the synthesis of the material 
TiSbA. After the prehydrolyzation, 6 M sodium hydroxide (240 mL) was added 
mixing the synthesis mixture by using a propeller stirrer. After the addition of 
sodium hydroxide, mixing continued for 30 minutes. The white precipitate 
formed was allowed to stay in the mother liquor at 60°C overnight. Washing 
was done following the same procedure as described above for the material 
TiSbA with the exception that washing was continued until the pH of the wash 
solution was about 11.5. Supernatant was removed by suction before drying 
the precipitate at 110°C overnight.  
3.1.2 ANTIMONY OXIDES 
In article III, antimony pentachloride (25 mL) was dissolved in 6 mol L-1 
hydrochloric acid (150 mL). The reaction is rather violent, thus extra caution 
was taken for the preparative work. The synthesis vessel (beaker, volume 2 L) 
was placed in a safety vessel (plastic bucket, volume 10 L) in order to prevent 
possible spills from spreading in the fume hood. To the resulting solution was 
slowly added aqueous ammonia (25% NH3 / 75% H2O) maintaining the 
temperature of t . Continuous mixing of the 
solution was done by using a propeller stirrer. The reaction with ammonia is 
also violent, thus, it was important to proceed with caution. Ammonia was 
added until the pH of the mixture was about 2. The addition required ten 
minutes. The mixing was continued for 30 minutes. The reaction mixture was 
allowed to stand over night in order to allow the precipitate to settle. The 
supernatant was removed from above the resulting precipitate by suction. The 
white precipitate was washed by adding distilled water (~500 mL) and mixing 
the precipitate with the added water for 15 minutes. The mixture was allowed 
to settle for one hour before removing the supernatant. Washing was repeated 
three times. After the third time, the mixture was allowed to settle over night. 
 
33 
Supernatant was removed by suction before drying the precipitate at 110°C 
overnight.  
In article IV, antimony oxide was synthesized from potassium 
hexahydroxoantimonate instead of antimony pentachloride. Potassium 
hexahydroxoantimonate is a less harmful chemical than antimony 
pentachloride (corrosive) and is therefore more suitable for larger scale 
production. The synthesis of antimony oxide was performed by modifying a 
previously reported synthesis (Khan and Alam, 2004). Instead of keeping the 
reaction mixture at room temperature overnight, KSb(OH)6 (0.1 mol) and 5.8 
M hydrochlorid acid (1 L) were mixed using magnetic stirring and heated to 
60°C. Mixing was continued for 30 minutes to dissolve KSb(OH)6 in the acid. 
To the resulting solution was slowly added aqueous ammonia (25% NH3 / 75% 
H2O) maintaining the temperature of the reaction mixture below 70°C. The 
solution was continuously mixed. Ammonia was added until the reaction 
mixture pH rose to 2.0. The addition required 20 minutes. The mixing was 
continued for 30 minutes. The reaction mixture was allowed to stand for one 
hour in order to allow the precipitate to settle. The supernatant was removed 
from above the resulting precipitate by suction. The white precipitate was 
washed by adding distilled water (~1 L) and mixing the precipitate with the 
added water for 15 minutes. The mixture was allowed to settle for one hour 
before removing the supernatant. Washing was repeated three times. After the 
third time, the mixture was allowed to settle over night. Supernatant was 
removed by suction before allowing the precipitate to dry at room 
temperature.  
3.2 CHARACTERISATIONS 
The identification of the crystal phase of the synthesized materials was 
determined by powder X-ray diffraction (XRD) using a Panalytical X'pert Pro 
MDP X-ray diffraction system and X'pert High Score Plus software. The 
generator was operated at 40 kV and 40 mA. The powder samples were poured 
on the sample holder and the surface was  cautiously equalized using a spattle.  
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The zeta potential of the synthesized materials was measured with a 
Malvern Zetasizer Nano ZS which uses Laser Doppler Micro-electrophoresis 
and patented M3-PALS (Phase Analysis Light Scattering) to measure the zeta 
potential. The zeta potential is an electrokinetic potential at the boundary of 
the so called hydrodynamic slip plane of the solid material and bulk solution. 
The slip plane is located at a specified distance from the surface of the solid 
material. The distance is specified according to the hydrodynamically stagnant 
layer, which is a very thin layer of fluid that adheres to the surface of a charged 
solid surface. Based on the zeta potential analyses, it is possible to define the 
point of zero charge (PZC) of the solid material. The point of zero charge is the 
point at a specified pH value, where the zeta potential approaches zero. 
(Delgado et al., 2005) E.g. in the pH area, where the zeta potential is negative, 
the solid material can adsorb only cationic ions on its surface. The samples for 
the zeta potential analyses where prepared by equilibrating the solid material 
and 0.01 mol L-1 NaNO3 solution (pH adjusted with 0.1 mol L-1 HNO3 or 0.1 
mol L-1 NaOH as necessary) for three (article III) or four days (article II 
and IV) using constant rotary mixing (50 rpm) before filtering the sample 
solution with a 10 μm Acrodisc PSF filter (PALL Life Sciences). The Malvern 
Zetasizer Nano ZS is designed to measure 5 nm to 10 μm particles, thus it was 
decided to use the 10 μm filtering as sample pretreatment.   
The surface morphology of the synthesized materials were analyzed using 
a Hitachi S-4800 field emission scanning electron microscope (FESEM). The 
powder samples were stick on a double sided carbon tape on an aluminium 
sample holder, and coated with carbon via sputtering to improve surface 
conductivity. An Oxford INCA 350 microanalysis system connected to the 
FESEM was used to measure the energy dispersive X-ray spectroscopy (EDX) 
spectra in order to identify the elements present in the materials TiSbA and 
TiSbB (article II). 
BET (Brunauer, Emmett and Teller) surface area and total pore volume of 
the synthesized materials were determined by nitrogen adsorption at 77 K 
using Autosorb-1-C surface area and pore size analyzer (Quantachrome, The 
UK) which utilizes a dedicated transducer monitoring continuously the 
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saturation pressure of the cryogenic bath. Prior to the analyses, the samples 
were degassed in vacuum.   
3.3 SEPARATION STUDIES 
In this dissertation the term sorption is used to describe every type of capture 
of a species from the solution on the surface of the sorbent materials. Thus, 
the term sorption does not include absorption. Sorption can be classified as 
physical sorption, chemical sorption or electrostatic sorption depending on 
the type of bonding involved. In physical sorption the adsorbate is held to the 
surface by van der Waals forces and no exchange of electrons is observed. In 
chemical sorption a strong interaction, including hydrogen bonding and 
covalent and ionic bond formation occurs between the adsorbate and the solid 
surface. Thus, an exchange of electrons between the specific surface sites and 
solute molecules is involved in the sorption process (Inglezakis and 
Poulopoulos, 2006). 
Electrostatic sorption is commonly classified as ion exchange. It involves 
Coulomb attractive forces between ions and charged surface sites of the 
sorbent. Ion exchange is a stoichiometric process where an ion from the 
solution exchanges places with an ion of the same sign bound to the surface of 
a solid material (Helfferich, 1995). 
An ion exchange process, at its simplest, occurs as a binary ion exchange 
reaction between ion A and ion B and can be written as (Harjula et al., 2010): 
(31) +    +        
where zA and zB are the charges of ions A and B, respectively; A and B are the 
ions in the solution and  and  are the ions of the ion exchange material. In 
this dissertation, an ion exchange isotherm is presented as the equivalent ionic 
fraction of the ion being sorbed, , in the exchanger as a function of its 
equivalent ionic fraction, A, in the solution while other variables (for example 
temperature) are kept constant. It should also be noted that only carrier free 
cobalt tracer is used in this study. If the ion exchanger has no preference for A 
or B, a linear ion exchange isotherm would be formed because the ionic 
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fractions would remain the same in the ion exchanger and in the solution 
(Figure 10, dotted line) (Inglezakis and Poulopoulos, 2006). The isotherm is 
negatively curved if ion A is preferred and positively curved if ion B is 
preferred. Thus, selectivity necessitates a nonlinear isotherm, which is shown 
in Figure 10 as a curved, solid line for an ion exchanger which has selectivity 
towards cobalt. 
The equilibrium selectivity of the binary ion exchange reaction can be 
defined by the selectivity coefficient, KA-B (Helfferich, 1995): 
(32) =       
where  represents concentrations of the ions in the exchanger and C those 
in solution. 
 
Figure 10 Ion exchange isotherm (solid line) of an ion exchanger with selectivity towards cobalt 
and an ion exchanger (dotted line) with no preference for either ion (reproduced from 
Helfferich, 1995). 
In this dissertation, the efficiency of the sorption process is presented using 
the distribution coefficient (KD, L kg-1 or mL g-1), which illustrates the 
distribution of the solute between the solution and the sorbent material at a 
certain time: 
(33) = =     =  ( ) ×     
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where qe (mol kg-1 or mmol g-1) is the experimental cobalt uptake of the sorbent 
material and Ce (mol L-1) is the cobalt concentration in the solution. Ri (cpm) 
and Rct (cpm) are the initial count rate of 57Co in the solution and the respective 
count rate at a certain time, respectively, and are used to represent cobalt 
concentrations. The so called batch factor, V m-1 (L kg-1), is the solution volume 
to sorbent mass ratio and was kept constant (500 L kg-1) in all the experiments 
in the dissertation. At the time of the experiments of this dissertation, 
distribution coefficient, KD, was used in the associated scientific community to 
describe the sorption efficiency even though the sorption mechanism, or the 
speciation of cobalt was not known in detail. Instead of KD, its thermodynamic 
counterpart, RD, could have been used. However, the sorption coefficient, RD, 
is not utilized in this dissertation. 
The sorption efficiency of the sorbent can also be presented as a percentage 
value:  
(34) =  1 × 100(%)    
where Ci is the initial concentration of cobalt in the solution (mol L-1). 
The uptake of cobalt in the solid material, qe, is calculated as follows: 
(35) = ( ) ×      
The uncertainty of the results was estimated using the propagation of 
uncertainty: 
(36) =  ( , , … , , , , … , ) = ( )   
where f is the estimated total uncertainty of f derived from the partial 
derivate of f with respect to each of the variables x1, x2,…, xn. 
For example, the uncertainty in the KD value arises from uncertainties in 
the radioactivity measurements of Ri and Rct and the deviations in V and m. 
The uncertainty is larger in cases when the KD value is very high, because the 
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measured activity then approaches the background level. The estimated total 
uncertainty of KD, is calculated as follows: 
(37) =  +  + +  =    
+  + 1
+ 1                          
The deviations of V and m have been estimated as 2% and 2.5% respectively 
taking into account the regularly conducted calibration of the automatic 
pipettes and scale.  
3.3.1 BATCH EXPERIMENTS 
The cobalt sorption properties of the synthesized materials in article II-IV 
and CoTreat® in article I were examined using 57Co traced (tracer 
concentration < 35 kBq L-1 corresponding to a cobalt concentration of less than 
2 x 10-12 mol L-1) test solutions. Tracer 57Co was used instead of 60Co because 
the half life is shorter and the gamma decay energies are lower for 57Co. The 
excemption value for 57Co (102 Bq g-1) is considerably higher than that of 60Co 
(10 Bq g-1) (STUK, ST1-5). Thus, for waste treatment reasons, using 57Co is 
more preferred over the usage of 60Co. 
Batch sorption experiments were performed in 0.01 mol L-1 NaNO3 
solutions simulating simple aqueous nuclear wastes except from article I 
where the experiments were performed in aqueous solution containing only 
cobalt and EDTA. At least two parallel samples were prepared for every data 
point. The concentrations of stable cobalt varied between 2 μmol L-1 and 10 
mmol L-1 and the concentration of EDTA varied between 0 μmol L-1 and 2 
mmol L-1. The test solutions were equilibrated in the dark over night with 
occasional mixing before measuring the test solution pH with an Orion 3 star 
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pH meter. The experiments were done at room temperature using constant 
rotary mixing (50 rpm) to equilibrate 20 mg of the sorbent material with 10 
mL of the test solution (batch factor 500 mL g-1) for 24 hours in the dark.  
After mixing the suspensions, centrifugation (10 minutes at 4,000 rpm; 
3,000×g) was used to remove the solid material from the solution. In addition, 
the solution was filtered with a 0.2 μm Acrodisc filter (PALL Life Sciences) in 
order to remove some very fine sorbent particles seen on the solution surface 
after centrifugation. To analyze the activity concentration of 57Co in the 
solution, aliquots (5 mL) of the solution before and after the experiments were 
counted for 57Co with a gamma counter (Wallac 1480 WizardTM 3 having a 
lead shielding). The solution aliquots were placed in 20 mL plastic bottles, the 
surface of which was wiped clean with ethanol before placing the bottles on 
the sample racks of the gamma counter. Each sample was counted for 30 
minutes, or until a total amount of 100,000 counts had been accumulated. 
Considering the background count rate of approximately 20 cpm, a minimum 
detectable activity (MDA) of 0.08 Bq could be calculated for a typical 
measurement. This MDA is significantly lower than the remaining 57Co activity 
in solution in any of the analyzed samples, allowing for the calculation of 
sorption distribution coefficients for all cobalt-containing samples. Thus, the 
distribution coefficient was used to estimate the processing capacity (L kg-1 or 
more commonly mL g-1) of the sorbent material under the prevailing 
conditions. The accuracy of the results was evaluated using the propagation of 
uncertainty.  
In order to analyze the possible effect of the used vials and syringe filters 
on the radioactivity concentration of the tracer, reference samples were used. 
The reference samples contained only the test solution and went through the 
same process as the actual samples. The tracer did not adhere on the surfaces 
of the used vials or filters. 
3.3.2 UV EXPERIMENTS 
Test solutions were prepared and analyzes of the samples were conducted 
following the same procedure as was described above for the batch 
experiments. The effect of UV irradiation on the sorption efficiency of the 
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synthesized titanium antimonates (unpublished results), antimony oxides in 
article III and IV and the commercial titania CoTreat® in article I was 
tested in a 100 mL immersion well reactor (Photochemical Reactors Ltd., 
Model 3312). A quartz tube separated the 6 W low-pressure mercury lamp 
(major emission wavelength of 254 nm) from the reaction mixture. The same 
batch factor (500 mL g-1) was used in both, batch experiments and UV 
experiments. However, the amount of solid was 160 mg and the volume of test 
solution was 80 mL in the UV experiments. Parallel UV experiments were 
conducted only occasionally due to the length of each UV experiment. 
A bubbling system delivering compressed air through sintered glass was 
used to stir the reaction mixture which was allowed to mix in the dark for one 
hour before the UV irradiation. Stirring was continued constantly during the 
experiments. The quartz immersion well used in the experiments was double-
jacketed. The inner immersion well has a water inlet and outlet and a TTM-
000 Series thermostat (TOHO Electronics Inc., Japan) was used for the 
circulation of cooling water and, thus, controlling the temperature (22-24 °C) 
during the experiments. Aliquots of 7 mL were taken from the reaction mixture 
at certain times and were centrifuged and filtered before pH and 57Co activity 
measurements following the same procedure as was described above for batch 
experiment samples. 
3.3.3 OZONATION EXPERIMENTS 
Ozonation experiments were performed in a 250 mL reaction vessel using the 
residual ozone from a Wedeco Otsomatic Modular 4 HC-ozonator with 150 mL 
of solution with or without 300 mg of commercial titania, CoTreat®, and 
commercial titania photocatalyst, Degussa P25 TiO2. The ozonator produced 
4 g h-1 of ozone. The residual ozone originated from a gas mixture of ozone, 
oxygen and carbon dioxide while ozone was produced. The amount of the 
residual ozone in the gas mixture was not measured. Parallel ozonation 
experiments were done only occasionally due to the restricted possibility to 





4 RESULTS AND DISCUSSION 
4.1 MATERIALS CHARACTERISATIONS 
The commercial titania material, CoTreat®, is supplied in a mixed Na+/H+-
form. According to published information, the Na+-form contains 81.8% 
titania, 17.3% sodium oxide and silica as a minor component (about 1%) 
(Harjula et al., 2010). The analysis had been done as an external service by 
VTT, Finland using X-ray fluorescence (XRF) spectroscopy. Before the 
analysis, the titania material was first eluted with 0.1 mol L-1 nitric acid until 
the pH of the column effluent reached that of the influent (pH = 1.0). The Na+-
form was obtained by eluting the H+-form first with 0.1 mol L-1 sodium 
hydroxide and then with 0.1 mol L-1 sodium nitrate until the pH of the column 
effluent was that of 0.1 mol L-1 sodium nitrate (pH 6.73). It was calculated that 
the sodium content of the Na+-form was 5.60 mmol g-1. The H+-form contained 
0.1 - 0.05 mmol g-1 sodium, thus more than 98% of sodium in CoTreat® was 
exchangeable to hydronium ions. The published XRD diffractogram of 
CoTreat® indicated that the material is poorly crystalline or nanocrystalline 
(Harjula et al., 2010). In this dissertation CoTreat® was tested in its as-
supplied mixed Na+/H+-form in order to see the possible change of test 
solution pH caused by the material. The characteristics of CoTreat® was not 
analyzed further. 
Based on the powder XRD patterns, the crystal phases of the synthesized 
materials were identified.  TiSbA in article II was found to be a mixture of the 
pyrochlore (cubic, space group Fd3m) and rutile titania (tetragonal, space 
group P42/mnm) structures. Based on the TiSbB powder XRD pattern in 
article II, the material has a mopungite type structure (tetragonal, space 
group P42/m). The crystal phase of both of the synthesized antimony oxides 
(article III and IV) resembled the pyrochlore type structure. In this thesis, 
the synthesized antimony oxides are referred to as antimony oxide-III and 
antimony oxide-IV (the material studied in article III and in article IV, 
respectively). The effect of UV irradiation on the bulk structure of the 
synthesized antimony oxides was also analyzed. A comparison of the 
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diffractograms of the materials before and after UV-C irradiation in NaNO3 
solution (0.01 mol L-1) containing cobal (10 μmol L-1) and EDTA (20 μmol L-1 
in article III and 100 μmol L-1 in article IV) was conducted. The 
diffractograms before and after UV-C irradiation were identical, implying that 
UV irradiation has no effect on the bulk structure of the synthetic antimony 
oxides. 
Analysis of the surface morphologies of the synthesized materials revealed 
that TiSbA and TiSbB resembled each other with the shape of the cubic like 
particles (Figure 11 and Figure 12, unpublished figures, FESEM images taken 
by L. Malinen). The surface roughness was more visible on TiSbB particles 
than on the TiSbA particles. 
 
Figure 11 FESEM image illustrating the surface morpholoy of TiSbA (unpublished figure, image 
taken by L. Malinen).  
 
Figure 12 FESEM image illustrating the surface morphology of TiSbB (unpublished figure, 
image taken by L. Malinen). 
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In order to identify the elements present in TiSbA and TiSbB, an energy-
dispersive X-ray spectroscopy (EDX) spectra was measured. Titanium was 
present in both of the materials even though its structural phase could not be 
seen in the XRD pattern of TiSbB. Since EDX measurements were performed 
from a powder-like sample, the values obtained should be considered 
estimates. 
Analysis of the surface morphologies of the synthesized antimony oxides  
revealed the irregularity of the particles (FESEM images, Figure 13 and 14) in 
article III and IV.    
 
Figure 13 FESEM image illustrating the surface morphology of the synthesized antimony oxide-
III. 
 




The specific surface areas and pore sizes of the synthesized materials can be 
found in Table 2.  
Table 2 Specific surface area and total pore volume of the synthesized materials 
TiSbA and TiSbB (article II), antimony oxide-III (article III), and antimony 
oxide-IV (article IV).  
Sorbent Specific surface area  
(m2 g-1) 
Total pore volume  
(cm3 g-1) 
TiSbA 74 ± 4 0.200 ± 0.009 
TiSbB 1 ± 0.1 0.011 ± 0,001 
Antimony oxide-III 37 ± 2 0.140 ± 0.006 
Antimony oxide-IV 49 ± 3 0.059 ± 0,003 
 
 
Surface roughness has been shown to affect the accurate determination of the 
zeta potential when using the micro electrophoresis method (Delgado et al., 
2005). Thus, the obtained zeta potential values (Figure 15) should be used only 
for the estimation of the point of zero charge (PZC) of the materials. The zeta 
potential values of the synthesized materials behave with a similar manner and 
the estimation of the PZC of the synthesized materials is below pH 2.5. Only 
cationic species should be retained on the charged surfaces of the materials 








Figure 15 The zeta potential (mV) of TiSbA ( ) and TiSbB ( ) (article II), antimony oxide-
(article III) and antimony oxide-IV (×) (article IV) as a function of the test solution pH 
after 24 hours of constant rotary mixing at room temperature in the dark with the 
synthesized material. The estimated PZC (point of zero charge) area has been 
marked with blue oval. 
4.2 SEPARATION STUDIES 
4.2.1 COMMERCIAL TITANIA, COTREAT® 
The batch experiments were combined with different Advanced Oxidation 
Techniques when the removal of cobalt using the commercial titania, 
CoTreat®, was studied in article I. All the experiments presented in the article 
were conducted using EDTA (10 μmol L-1 unless mentioned otherwise) bearing 
solutions. At first, a batch sorption experiment without oxidation was 
conducted. Only a minor cobalt sorption capacity (7 ± 2% removal of cobalt) 
was obtained using CoTreat® with or without the commercial titania 
photocatalyst material Degussa P25 (Table 3). The solution used contained 
equimolar amount of cobalt and EDTA (10 μmol L-1 each) and the initial pH 
was 4.5.  
Approximately 90 ± 1% of cobalt was removed when the suspension of 
CoTreat®, Degussa P25 and the cobalt-EDTA was UV irradiated for more than 
two hours (Table 3). The removal of cobalt was efficient (approximately 88 ± 
1% removal) also when the EDTA concentration in the solution was increased 
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(50 μmol L-1) indicating the efficiency of photocatalysis in the degradation of 
EDTA into species not able to bind cobalt in the solution.   
When the effect of hydrogen peroxide was studied, a great surplus of 
hydrogen peroxide (1 mmol L-1) over EDTA (10 μmol L-1) was used. The 
suspension of CoTreat®, Degussa P25 and cobalt-EDTA was UV irradiated for 
two hours in the presence of hydrogen peroxide. After UV irradiation, about 
85 ± 1% of cobalt was removed from the solution. Since the cobalt sorpion 
efficicency was lower than without the addition of hydrogen peroxide, it was 
concluded, that minor decomposition of CoTreat® was possible due to the 
addition of hydrogen peroxide in the solution.  
When the suspension of CoTreat®, Degussa P25 and cobalt-EDTA was 
ozonated for four hours, 88 ± 1% removal of cobalt was achieved. A much 
higher sorption efficiency of cobalt was achieved when the process was divided 
in two stages. First, the cobalt-EDTA solution was ozonated without CoTreat® 
and Degussa P25. Secondly, after the ozonation, the solution was mixed with 
CoTreat® resulting in 96 ± 1% removal of cobalt.  
Table 3  The removal of cobalt (%) and the equilibrium pH values for a solution 
containing cobalt (10 μmol L-1) and EDTA (10 μmol L-1) using different 
methods with and without the oxidation od EDTA and in the presence of the 
commercial titania CoTreat®, commercial titania photocatalyst Degussa P25, 
or their mixture. 
The method used Materials(s) Removal of cobalt (%) Equilibrium pH 
24 h mixing without oxidation CoTreat®  7 ± 2  7.1 ± 0.1 
24 h mixing without oxidation CoTreat® 
 P25 
7 ± 2  7.0 ± 0.1 
2 h UV CoTreat® 16 ± 2  7.4 ± 0.1 
2 h UV Degussa P25 6 ± 2  7.4 ± 0.1 
2 h UV CoTreat® 
 P25 
90 ± 1  7.0 ± 0.1 
4 h ozonation CoTreat® 
 P25 
88 ± 1  7.0 ± 0.1 
9  CoTreat® 96 ± 1  5.8 ± 0.1 
 CoTreat® 
 P25 
94 ± 1  5.0 ± 0.1 
 CoTreat® 
 P25 
85 ± 1  6.5 ± 0.1 
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It has been reported that the decomposition of EDTA by ozonation is fast. 
When a solution containing EDTA (670 mg L-1), cobalt sulphate 
(concentration not reported) and 60Co as tracer (~1,000 Bq L-1) was ozonated, 
two intervals of ozone uptake were distinguished (Seliverstov et al., 2009). The 
fast process (~20 min) corresponded to the oxidative decomposition of the 
major fraction of EDTA, while the slow process (subsequent ~40 min) 
corresponded to the reaction of ozone with the decomposition products of 
EDTA. The following reaction has been proposed for the ozonation of EDTA 
(Seliverstov et al., 2009): 
(38) ( ) ( ) + 9  (   )  2 + 2 + 10 + 5 +  
Based on the results achieved in article I, the effectiveness of the 
ozonation of EDTA was evident, even though residual ozone was used in the 
process. In article I, no additional benefit was obtained when the ozonated 
solution was UV irradiated together with CoTreat® and Degussa P25 (removal 
of cobalt 94%) instead of direct mixing with CoTreat® after the ozonation.  
The cobalt sorption efficiency of another commercial titania, TiO2 
produced by Baker (99.9% w purity) has been tested in 60Co solutions (63 MBq 
mg-1 cobalt nitrate with cobalt nitrate concentration of 1×10-2 mol L-1) 
(Granados et al., 2006). The pH of the 60Co solutions was 1, 3, 5, 7 or 10. The 
PZC of the titania was 6.7, thus, it was reported that the material should sorb 
only cationic species above pH 6.7. A sorption capacity of approximately 59% 
was achieved in the pH range between 6 and 7 (Granados et al., 2006). As a 
comparison, over 99% cobalt removal can be achieved using the titania, 
CoTreat®, in similar pH area when cobalt concentration was 10 μmol L-1 
(Harjula et al., 1999 a). The removal of cobalt occurs through surface ion 
exchange mechanism when using the commercial titania produced by Baker 
(Granados et al., 2006). More specifically, the surface hydroxyl groups of the 
titania dissociate in TiO-, which undergoes cation exchange. In the case of 
CoTreat®, it has been reported that the prevailing mechanism for trace 
transition metal uptake is surface complexation, rather than ion exchange 
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(Harjula et al., 2010). This was concluded from results where slope of 1 was 
obtained when the logarithmic value of the distribution coefficient was plotted 
as a function of solution pH. The slope of 1 indicates the exchange of univalent 
hydrolyzed species, e.g. Co(OH)+ (Harjula et al., 2010). Based on calculations, 
cobalt was present in the solution below pH 6.5 as unhydrolyzed divalent 
cation, Co2+ (Harjula et al., 2010). Thus, the results indicated other sorption 
mechanism than ion exchange. 
4.2.2 TITANIUM ANTIMONATES 
When the removal of ionic cobalt was tested in batch experiment for the 
synthesized TiSbA and TiSbB titanium antimonates in article II, the sorption 
maximum for TiSbA was located at pH 4 and for TiSbB at pH 7. The difference 
of the pH values was explained by the difference of the synthesis conditions 
which were more alkaline in the case of TiSbB (pH 11.5) than in the case of 
TiSbA (pH about 2). The corresponding KD values were 47,000 ± 500 mL g-1 
(98.9 % removal of cobalt) and 38,000 ± 700 mL g-1 (98.7 % removal of 
cobalt), respectively. The results are in good correlation with published data 
of titanium antimonates synthesized using antimony pentachloride and 
titanium tetrachloride. About 90% removal of cobalt has been achieved in 
nitric acid solution (0.07 mol L-1) in a test were titanium antimonite (0.10 g; 
Ti:Sb molar ratio 1.6 in synthesis) was equilibrated with 10 mL of nitric acid 
solution containing 0.1 mmol L-1 cobalt (metal ion from standard solution) 
(Chitrakar and Abe, 1986). When the logarithmic distribution coefficient, log 
KD, values of the studied metal ions (e.g. Pb2+, Fe2+ and Zn2+ in addition to 
Co2+) were plotted against logarithmic nitric acid concentration, log[HNO3], 
values a linear relationship with a slope of -2 was obtained (Chitrakar and Abe. 
1986). This indicated that the sorption proceeded via ion exchange 
mechanism. Another researcher reported on results for a titanium antimonite 
material synthesized using the initial Ti:Sb molar ratio of 1.5 (Tsuji et al., 
1993). Over 95% removal of cobalt was achieved in a batch experiment in nitric 
acid (concetration not specified) solution containing cobalt (0.1 equiv. dm-3 on 
titanium antimonate) (Tsuji et al., 1993). However, it should be noted that the 
batch factor in the two above mentioned researches was 100 mL g-1.  
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When the effect of EDTA on the cobalt sorption efficiency of the titanium 
antimonite materials was reported in article II, it was noticed that at low pH 
values (below pH 2 after the experiment), an equimolar concentration of 
EDTA (10 μmol L-1) did not have an effect on the removal of cobalt. However, 
it should be noticed that at pH 2, the amount of free cobalt ions in the solution 
is 66.9% (Gustafsson, Visual Minteq 3.0). In EDTA bearing solution, the cobalt 
sorption maximum for TiSbA was obtained at pH 2.6 and for TiSbB at pH 2.0. 
The corresponding KD values were 5,400 ± 400 mL g-1 (91% removal of cobalt) 
and 17,900 ± 1,200 mL g-1 (97% removal of cobalt), respectively. The results 
indicated that the titanium antimonates either took up some of the various 
cobalt-EDTA species or removed Co2+ ions from the EDTA complexes 
(decomplexation). The possibility of the sorption of the EDTA complexes is 
discussed in more detail in chapter 4.2.3 Antimony oxides. In article II, the 
possibility of decomplexation was estimated using a rough calculation of 
cobalt distribution between the EDTA complexes and the titanium 
antimonate: 
(39) [ ] = [ ] 
 
where [CoEDTA2-] is the concentration of the CoEDTA2- complex, Cs is the 
concentration of sorbed Co2+ on the titanium antimonate, Kf is the formation 
constant of CoEDTA2-, KD is the distribution coefficient of Co2+ sorption on the 
titanium antimonate and [EDTA4-] is the concentration of EDTA4-. According 
to the results practically all cobalt was sorbed as Co2+ by TiSbA at pH 2.6 and 
all cobalt was sorbed as Co2+ by TiSbB at pH 2.0.  
Sodium nitrate (0,1 - 100 mmol L-1) had varying effects on the synthesized 
titanium antimonates. When the concentration of sodium nitrate increased, 
the cobalt distribution coefficient values of TiSbA decreased and TiSbB slightly 
increased. This was explained by the competition between Co2+ and Na+ ions 
in the case of TiSbA at the equilibrium pH about 3. At such low pH area, there 
should still be some ionic cobalt present in the solution. The equilibrium pH 
for TiSbB was about 8. It was concluded that the increasing sodium 
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concentration was likely to decrease the negative surface charge of the material 
(see Figure 15) and thus facilitate the sorption of the negatively charged cobalt 
EDTA species, CoEDTA2-. 
Oxalic acid (1 - 100 mmol L-1) had only a minor effect on the cobalt sorption 
efficiency of TiSbA when it was added in the EDTA bearing sodium nitrate 
solution. The excellent tolerance for oxalic acid of TiSbA was explained by the 
acidic (pH 2) synthesis conditions of the material. The equilibrium pH after 
batch experiment was at the same level as in the tests in sodium nitrate 
solutions regardless of the presence of oxalic acid. Since the equilibrium 
constants of cobalt-EDTA complexes are higher than those of cobalt-oxalic 
acid complexes, the effect of oxalic acid on the test conditions of TiSbA were 
minor. The situation was different with TiSbB. The presence of oxalic acid 
decreased the cobalt distribution coefficient values of the material 
considerably. In the EDTA bearing sodium nitrate solution the KD value 
obtained at pH 2.7 was 3,600 ± 500 mL g-1, whereas when oxalic acid was 
added, the highest KD value obtained was 170 ± 10 mL g-1. It was concluded 
that the surface of the TiSbB material was affected by oxalic acid.  
4.2.3 ANTIMONY OXIDES 
4.2.3.1 Batch experiments 
In all the batch experiments presented in this section, the initial test solution 
pH was 4.5 – 5.5 and decreased to 3.1 – 2.8 during the experiments as a result 
of cobalt uptake by the ion exchanger and the subsequent release of protons in 
solution. This is an indication of the acidity of the synthesized antimony 
oxides. The acidity of hydrous oxides is known to increase with the order MO 
< M2O3 < MO2 < M2O3 < MO3 and the higher oxides of Sb5+ (present in Sb2O5 
• 4 H2O) exhibit good cation exchange properties at acidic pH  (Abe, 1982). 
The cobalt sorption efficiency of both antimony oxides was strongly influenced 






Table 4  Distribution coefficient, KD (mL g-1), values obtained in batch experiments for 
the synthesized antimony oxides. 
Solution component(s) Material KD (mL g-1) 
10 μmol L-1 cobalt antimony oxide-III 140,000 ± 8,400 
10 μmol L-1  cobalt and EDTA antimony oxide-III 3,000 ± 100 
10 μmol L-1 cobalt antimony oxide-IV 19,300 ± 1,500 
10 μmol L-1 cobalt and EDTA antimony oxide-IV 1,700 ± 100 
 
The experimental cobalt uptake values of antimony oxide-III and antimony 
oxide-IV in NaNO3 solution with cobalt concentration varying between 2 mol 
L-1 and 10 mmol L-1 are presented in Figure 16. The values were calculated 
based on the distribution coefficients values. The cobalt uptake values of 
antimony oxide-III rise with cobalt concentration and an S-shaped isotherm 
is formed, whereas the cobalt uptake reaches a plateau when antimony oxide-
IV (Figure 16) is used. S-shaped isotherms may indicate a reversal in the 
selectivity of the material when polyfunctional ion exchangers (e.g. cation 
exchanger with sulfonic acid and carboxylic acid groups) are studied 
(Helfferich, 1962). Another possible explanation for an S-shaped isotherm is 
the following. When a small ion is exchanged by a larger one, the 
accommodation of the larger ion becomes more and more difficult as the 
exchange process proceeds. If steric hindrances are not formed and the 
exchange sites prefer the larger ion, it is possible that the larger ions are 
exchanged in places which are energetically less and less favorable or the 
lattice of the sorbent can be slightly distorted (Helfferich, 1962). When 
isotherm models are taken into account, it should be mentioned the the S-
shaped isotherm of antimony oxide-III resembles the BET isotherm. The BET 
isotherm can be used for the determination of e.g. multilayer adsorption 
behavior, monolayer adsorption capacity and heat of adsorption at various 
adsorption layers (Ebadi et al., 2009). In article III, experimental sorption 





Figure 16 The uptake of Co , qe (mmol g-1), in NaNO3 solution containing varying concentration 
of Co  for antimony oxide- - unction of the Co  
concentration (mmol L-1) in the solution after a batch experiment. 
The experimental sorption data (Figure 16) was examined further for 
antimony oxide-IV by fitting six different isotherm models to the data. The 
equations and parameters of the models are presented in more detail in 
article IV. Here, only a brief explanation of the different models is given: 
1) The Langmuir isotherm assumes that sorption takes place at specific 
homogenous sites of the sorbent without any mutual interactions 
between the sorbates.  
2) The Freundlich isotherm is applicable for heterogeneous surfaces. 
3) The Sips isotherm is a combination of the Langmuir and Freundlich 
isotherms and takes into account the surface heterogeneity.  
4) The Toth model is an empirical equation, derived to improve the 
Langmuir model applicability at both low and high concentration 
limits and it is suitable in modeling of heterogeneous sorption 
processes.  
5) The Dubinin-Radushkevich isotherm assumes a Gaussian energy 
distribution and includes the effect of temperature and it can be 
used to evaluate the sorption energies.  
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6) The BiLangmuir isotherm containing four parameters presumes 
that the sorbent surface has two Langmuir-like active sites with 
different affinities towards the target sorbing species.  
 
The Sips model estimated the experimental sorption maximum with the 
highest accuracy and therefore was assigned to be the most suitable among the 
tested models. The good fit of the Sips model indicated that the synthesized 
antimony oxide-IV is a heterogeneous sorbent material, with different types of 
sorption sites. In the model the so called nS value describes the surface 
heterogeneity (Kinniburg, 1986). When the nS value deviates from unity, it 
denotes heterogeneous adsorbent surface. On the other hand, when the nS 
value equals unity, the Sips isotherm returns to the Langmuir isotherm and 
indicates homogeneous adsorption (Kinniburgh, 1986). Thus, the 
heterogeneity of the synthesized antimony oxide-IV was also verified by the nS 
value of 0.592 which is clearly less than unity. 
The theoretical exchange capacity (Abe, 1987 and Baetsle and Huys, 1968) 
of Sb2O5 • 4 H2O is 5.06 meq g-1 which in the case of Co2+ corresponds to 2.5 
mmol g-1. However, according to experimental data (Abe and Sudoh, 1980), 
the maximum uptake of Co2+ by crystalline antimony oxide in 0.1 mol L-1 cobalt 
nitrate solution was found to be 0.61 meq g-1 corresponding 0.3 mmol g-1. The 
value was obtained by equilibrating 20 mg of solid material and 20 mL of 
solution for 10 days. As can be seen in Figure 16, the Co2+ uptake of the 
synthesized antimony oxide-IV was in the same order of magnitude, 0.41 ± 
0.07 mmol g-1, in NaNO3 solution containing 10 mmol L-1 cobalt. The Co2+ 
uptake of the antimony oxide-III was 1.5 ± 0.1 mmol g-1. The rather low 
exchange capacity in comparison to the theoretical one, may arise from the 
strong hydration of small cations such as Co2+, Ni2+ and Zn2+ (effective ionic 
radii being 0.745, 0.69 and 0.74 Å, respectively for coordination number VI) 
in aqueous solution (Shannon and Prewitt, 1969). It is possible that the 
hydration volumes of the cations contribute more to the steric effect than the 
crystal ionic radii. Thus, the theoretical exchange capacity may not be reached. 
The 57Co sorption efficiency of the synthesized antimony oxides was 
noticeably affected when cobalt was complexed with EDTA. The experimental 
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cobalt uptake values of antimony oxide-III and antimony oxide-IV in solution 
with cobalt concentration varying between 2 mol L-1 and 1 mmol L-1 and 
EDTA concentration being two times higher than that of cobalt, are presented 
in Figure 17.  
 
Figure 17 The uptake of Co , qe (mmol g-1) in solution containing varying concentration of Co-
EDTA complexes with the concentration of EDTA being two times higher than that of 
cobalt for antimony oxide- -  
concentration (mmol L-1) in the solution after batch experiment.  
The speciation of cobalt was estimated for the equilibrium pH values which 
were obtained in the test series presented in Figure 17 for antimony oxide-IV. 
The equilibrium pH of the solutions after batch experiment for the two 
antimony oxides differed from each other only 0.1 pH units. Thus the cobalt 








Table 5  Calculated cobalt species for varying equimolar cobalt-EDTA solutions at the 
pH obtained after batch experiment (Gustafsson, Visual Minteq 3.0). 





pH Co2+ CoEDTA2-  CoHEDTA- CoH2EDTA 
2 4 3.0 5 31 60 4 
5 10 3.0 2 32 62 4 
10 20 3.1 1 37 58 3 
15 30 3.1 0.5 38 58.5 3 
20 40 3.1 0 38 59 3 
50 100 3.1 0 38 59 3 
100 200 3.1 0 38 59 3 
150 300 3.1 0 38 59 3 
200 400 3.0 0 32 63 5 
300 600 3.0 0 32 63 5 
500 1000 3.0 0 33 63 4 
700 1400 2.9 0 27 67 6 
1000 2000 2.9 0 28 66 6 
 
The initial solution pH before the batch experiment was 4.5-5.5. It has been 
reported that at pH 5, EDTA appears in the solution mainly in the form of 
H2EDTA2- which reacts with Co2+ species in 1:1 molar ratio forming the 
negatively charged Co(II)EDTA2- complex (  et al., 2006). According 
to the cobalt speciation at the equilibrium pH value (Table 5), it can be seen 
that cobalt is mainly complexed with EDTA throughout the test series. In 
article II and III, it was stated that the synthesized titanium antimonates or 
antimony oxide-III removed Co2+ from the metal EDTA complexes or that the 
materials were able to bind the species CoEDTA2- and CoHEDTA- which are 
present in the solution. When considering the possibility of the options, the 
stability constants of cobalt-EDTA complexes should be taken into account. 
The stability constants for CoEDTA2-, CoHEDTA- and CoH2EDTA are 18.16, 
21.59 and 23.49, respectively (Martell, 1978 and Zachara et al., 2000), thus, 
the removal of Co2+ from the complexes could be considered less likely to occur 
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than binding the whole complexes on the surface of the antimony oxide. The 
adsorption of Me(II)EDTA2- complexes on the surface hydroxyl (SOH) sites of 
sorbents at pH <5 can be explained by surface coordination following the 
equation (Zachara et al., 1995): 
(40) + + ( ) ( ) = ( )  
It is also possible, that the acidity of the antimony oxide materials creates 
acidic conditions on the solid-solution boundary affecting the cobalt 
speciation in solution. Thus, this solid/solution system should be considered 
as a multiple ligand system where EDTA and the surface of the antimony oxide 
compete for cationic cobalt.  
The experimental sorption data scattered to some extent, especially for 
antimony oxide III but also for antimony oxide-IV, in the presence of EDTA as 
can be seen in Figure 17. Thus fitting the isotherm models to the data in 
article IV for antimony oxide-IV can be considered only as estimations. The 
Sips isotherm was the best estimation of the obtained experimental value, as 
was the case with the data obtained without the presence of EDTA. 
In article IV, the energy values from the Dubinin-Raduschkevich model 
were used to evaluate the sorption mechanism. Energy values < 8 kJ mol-1 
indicate physical sorption and values from 8 to 16 kJ mol-1 support ion 
exchange (Krishna et al., 2000 and Argun et al., 2007). For the solution 
containing only cobalt, the energy value was 6.2 kJ mol-1 and for the solution 
containing the cobalt-EDTA complexes, the energy value was 7.8 kJ mol-1. The 
energy values indicate that the removal of Co2+ could be attributed to physical 
sorption. However, it has been reported that adsorption energy values as low 
as 0.6 kJ mol-1 have been obtained for ion exchange on zeolite clinoptilolite 
using the Dubinin-Radushkevich model (Inglezakis and Zorpas, 2012). In the 
research, a large number of experimental adsorption energy values were 
collected from the literature and 38% of the values were derived by the use of 
the Dubinin-Radushkevich model (Inglezakis and Zorpas, 2012). The 
maximum values obtained in article IV were very close to the proposed range 
of ion exchange (<16 kJ mol-1) but the lower limit was not accurate. The 
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correlation coefficients for the Dubinin-Radushkevich model in article IV 
were 0.978 and 0.755. The accuracy of the obtained energy values in article 
IV and the above-mentioned low energy values representing ion exchange 
mechanism (0.6 kJ mol-1 by Inglezakis and Zorpas, 2012) should be taken into 
account when conclusions are made based on the results. Thus, critical 
evaluation is needed before suggesting that the reaction mechanism for cobalt 
removal in article IV could be physical sorption.     
4.2.3.2 Sorption experiments with UV irradiation 
The potentially photocatalytic nature of the synthesized antimony oxides and 
the possible photodegradation of EDTA were studied with the sorption 
experiments with UV irradiation. The main aim of the experiments was to 
analyze the influence of UV irradiation on cobalt uptake of the materials, thus, 
only radiochemical analyses on the amount of 57Co were conducted. The 
usefulness of EDTA analyses is discussed in the Conclusions-chapter of the 
dissertation. The sorption investigations were conducted in the absence and 
presence of EDTA.  
When the EDTA bearing solution was UV irradiated in the presence of 
antimony oxide-III, the obtained distribution coefficient was more than 5 
times smaller than that obtained in the batch experiment without EDTA but 
increased noticeably compared to the experiment made in the dark in the 






Figure 18 Sorption distribution coefficients (KD) of the test solutions in the absence and 
presence of EDTA without (green column) and with (blue column) 6 hours of UV 
irradiation for antimony oxide-III.   
In the case of antimony oxide-IV, the sorption distribution coefficient value 
(KD, mL g-1) in the solution containing only ionic cobalt was significantly 
increased due to UV irradiation compared to the one obtained without UV 
irradiation (Figure 19). Unfortunately, an UV experiment without EDTA was 
not conducted for antimony oxide-III, thus, this interesting phenomenon 
cannot be compared between the two antimony oxides. It was concluded in 
article IV, that the sorption increase in the presence of UV irradiation could 
be related to a change in cobalt speciation, most likely the oxidation of Co2+ to 
Co3+. The oxidation could have occurred due to the photocatalytic activity of 
the synthesized antimony oxide-IV or the formation of solution radicals by the 








Figure 19 Sorption distribution coefficients (KD) of the test solutions in the absence and 
presence of EDTA without (green column) and with (blue column) 24 hours of UV 
irradiation for antimony oxide-IV. 
The possible oxidation of Co2+ to Co3+ under UV irradiation has been reported 
to occur above pH 7 (Rekab et al., 2015). An UV source with photonic power 
of 17 W (254 nm) was used to irradiate cobalt-EDTA solutions for 3 hours. 
When the precipitation of cobalt under UV irradiation was studied, it was 
noticed that precipitation took place at lower pH values (at pH 8-9) than 
without UV irradiation (pH 10-11) (Rekab et al., 2015). This was explained by 
the fact that Co3+ precipitates at a lower pH than Co2+. The oxidation did not 
involve reduction of nitrates (identical results were obtained with cobalt 
chloride and nitrate) thus the oxidation was caused only by the UV irradiation.  
The oxidation of Co2+ in water has been proposed to follow the reaction 
(Eaton and Stuart, 1968): 
(41) + + +  
In article III and IV, a 6 W UV source was used and the solution was lower 
than in the above-mentioned research about Co2+ oxidation under UV 
irradiation. Despite the differences, the possibility of Co2+ oxidation to Co3+ 
should be taken into account. The possibility that the solution could contain 
Co3+, could affect the removal of cobalt. The stability constant, log K, for the 
Co3+-EDTA complexes is over 40 (Martell and Smith, 1977), which is 
considerably higher than that of Co2+-EDTA complexes (see Table 6). 
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Table 6  Aqueous complexation reactions of Co  with EDTA (Martell and Smith, 
1977).  
Reaction equation log K 
EDTA4-  = CoEDTA2- 18.16 
EDTA4-    = CoHEDTA- 21.59 
EDTA4-   = CoH2EDTA 23.49 
 
In article III and IV, the distribution coefficient value, KD, of the antimony 
oxide suspension containing both cobalt and EDTA increased due to UV 
irradiation compared to the non-irradiated EDTA-containing solution (Figure 
18 and 19). In article IV the KD value for UV-irradiated EDTA-bearing 
solution is even higher than that obtained in the solution containing only ionic 
cobalt that has not been exposed to UV irradiation. This wasn't seen in article 
III. However, it should be mentioned that the results of the UV experiments 
are not directly comparable between article III and IV, since different UV 
irradiation times were used (6 hours and 24 hours, respectively).  The results 
in article IV imply that degradation of EDTA has occurred in combination 
with cobalt oxidation. However, it is possible that the oxidation has not 
progressed to the same extent as observed in the EDTA-free solution under UV 
irradiation (where the highest KD value was obtained). Another explanation is 
that some of the EDTA has not photodegraded and cobalt remained in the 
solution complexed with EDTA, at least to some extent.  
The photocatalytic activity of hydrous antimony oxides synthesized from 
antimony trioxide, water and varying volumes of hydrogen peroxide (added 
dropwise) has been studied (Chen et al., 2017). In the study three 4 W UV 
lamps (254 nm) were used and the oxidation of gaseous benzene was studied. 
According to the results, highest oxidation rate of benzene was achieved with 
the material with the highest BET surface area (38.2 m2 g-1). Reactive oxygen 
species were detected in the study, and it was concluded that the large amount 
of O2•- and •OH on the surface of the hydrous antimony oxide under UV 
irradiation was the main reason for the good photocatalytic activity. The 
obtained mineralization rates of benzene were higher than those of the 
commercial titania photocatalyst, TiO2 P25 (Chen et al., 2017). As a 
 
61 
comparison, in article III the BET surface area of the synthesized antimony 
oxide-III was 37 ± 2 m2 g-1, and in article IV the BET surface area of the 
synthesized antimony oxide-IV was 49 ± 3 m2 g-1. Thus, these values imply 
high photocatalytic activity for the oxidation of EDTA.  
4.2.3.3 Effect of interfering ions without UV irradiation 
In article IV, the selectivity between the divalent ions of cobalt, calcium and 
nickel was studied for the synthesized antimony oxide-IV. As has been 
mentioned earlier, calcium and nickel ions are generally present in the NPP 
liquid waste and can have an interfering effect on the cobalt removal efficiency 
of the sorbent materials. The studies were conducted in the presence (100 
μmol L-1) or absence of EDTA with and without UV irradiation. The solutions 
contained 10 - 1,000 μmol L-1 calcium or nickel. The uptake of cobalt decreased 
by a factor of more than three in the presence of 10 - 100 μmol L-1 calcium or 
nickel without EDTA. It was concluded that at these concentrations, the 
sorption is still within the ideal sorption range of the antimony oxide-IV. The 
selectivity of calcium and nickel over cobalt was explained by the sorption on 
the "strong" sorption sites which are active at the sorption range (below 100 
μmol L-1). The preference towards cobalt increased together with the increase 
of the  competing metal ion concentration. When the competing metal ion 
concentration was 1,000 μmol L-1, the cobalt uptake was almost as high as the 
uptake in the absence of any competing metal ions. When the concentration of 
metal ions increases in the solution, the sorption occurs in the non-ideal 
sorption range, where "weak" sorption sites are responsible for the uptake of 
metal ions from solution. The weak sites seemed to have no preference for 
calcium or nickel over cobalt in article IV. Both competing metals, calcium 
and nickel, affected the removal of cobalt in a very similar fashion. As for 
author's knowledge, the selectivity of antimony oxide between calcium and 
cobalt has not been published. Some literature on the selectivity between 
nickel and cobalt can be found. It has been reported that crystalline antimony 
oxide is more selective towards Co2+ than Ni2+ in nitric acid solutions 
containing 100 μM metal ions (Abe and Kasai, 1979). 
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When EDTA was added to the Ca2+ bearing solution, the cobalt sorption 
efficiency of antimony oxide-IV was even lower than in the presence of EDTA 
only. This was explained by the smaller calcium-EDTA stability constants in 
comparison to the cobalt-EDTA stability constants (see Table 7). At pH values 
below 3.5, calcium is in free ionic form (Gustafsson, Visual Minteq 3.0) and 
only cobalt forms complexes with EDTA. Thus, free calcium ions are adsorbed 
on the antimony oxide resulting in a lower cobalt distribution coefficient 
values in the presence of calcium. The cobalt distribution coefficient increased 
with increasing calcium concentration in a similar way which was seen in the 
solutions without EDTA. It was concluded in article IV that the overall cobalt 
uptake of cobalt at these high calcium concentrations was influenced only by 
EDTA and the formation of soluble cobalt-EDTA complexes in solution.  
 
Table 7  Aqueous complexation reactions of Ca  and Ni  with EDTA (Martell and 
 Smith, 1977).  
Reaction equation log K 
EDTA4-  = CaEDTA2- 12.44 
EDTA4-    = CaHEDTA- 15.97 
EDTA4-  = NiEDTA2- 20.11 
EDTA4-    = NiHEDTA- 23.64 
EDTA4-   = NiH2EDTA 24.74 
 
In the nickel and EDTA containing solutions, only the lowest concentration 
(10 μmol L-1) of nickel decreased the cobalt uptake in a similar manner as was 
noted for calcium in article IV. When the concentration of nickel increased, 
the effect of nickel on the sorption efficiency of antimony oxide-IV almost 
completely disappeared. This could be explained by the relative stabilites of 
the divalent metal ion complexes with EDTA (see Table 6 and 7), which are 
higher for nickel EDTA complexes. 
4.2.3.4 Effect of interfering ions under UV irradiation 
The effect of interfering ions, calcium and nickel, under UV irradiation was 
studied in article IV. The results are presented in Figure 20. It should be 
noted, that also the earlier discussed results for solution containing only ionic 
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cobalt or both, cobalt and EDTA, are included in Figure 20 in order to be able 
to compare the results in an easier way.  
 
 
Figure 20 Sorption distribution coefficient values (KD) of the test solutions in the absence and 
presence of EDTA without (green column) and with (blue column) 24 hours of UV 
irradiation (as presented in article IV). 
The distribution coefficient, KD, in the calcium bearing solution is higher than 
for ionic cobalt solution without UV irradiation but much lower than that of 
cobalt bearing solution under UV irradiation. This implies that the earlier 
discussed possible cobalt oxidation (from Co2+ to Co3+) takes place at the 
surface of the antimony oxide and not in solution. Calcium cannot be oxidized 
to a higher oxidation state in aqueous solution. Thus, it was concluded in 
article IV, that the obtained distribution coefficient under UV irradiation can 
be explained by partial oxidation of cobalt and degradation of EDTA. However, 
the sorption sites on the surface of the antimony oxide are occupied by calcium 
lowering the possibility of oxidation of cobalt. This leads to the decrease on the 
cobalt uptake in calcium bearing solution. 
The presence of nickel affected the sorption of cobalt more than the 
presence of calcium (see Figure 20). In article IV, it was stated that in the 
presence of nickel, additional reactions must occur which are absent in the 
presence of calcium. It is possible that the reactions are related to the redox 
behaviour of nickel and the production of other oxidation states than Ni2+. For 
example, the Ni3+ ion could be capable of suppressing the sorption of Co2+ on 
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the surface of tha antimony oxide and the subsequent oxidation of Co2+ to 
Co3+. It has been reported that Ni2+ oxidation can take place on the hematite 
-Fe2O3) (Wang et al., 2013). It is 
expected that any free, non-complexed (i.e. surface sorbed or EDTA 
associated) Co3+/Ni3+ would undergo immediate reduction to Co2+ and Ni2+ 
after the UV treatment when taking into account the stability fields of the 
various species in aqueous solution (Rekab et al., 2015, and Beverskog and 
Puigdomenech 1997). It was discussed in article IV, that eventhough UV 
irradiation enhanced the selectivity of antimony oxide-IV between cobalt and 










5 CONCLUSIONS AND OUTLOOK 
In this thesis a rather wide variety of different types of sorption experiments 
were conducted for the commercial titania CoTreat®, synthesized titanium 
antimonates and synthesized antimony oxides. It was concluded that 
CoTreat® is not suitable for a single-stage process in the presence of EDTA. 
However, high cobalt sorption efficiency was achieved when EDTA was first 
oxidized by utilizing Advanced Oxidation Technologies.  
Titanium antimonates were tested in acidic solutions and good cobalt 
distribution coefficient values we obtained. Interestingly it was noticed that 
the materials were quite likely able to adsorb also the cobalt-EDTA complex.   
UV irradiation clearly increased the cobalt sorption efficiency of the 
synthesized antimony oxide-IV. The positive effect of UV irradiation was also 
clear in the EDTA bearing solution for the antimony oxide-III. The remarkable 
increase in the distribution coefficients of antimony oxide-IV under UV 
irradiation imply that the material could be photocatalytically active. 
Antimony oxides could also be considered suitable for a single-stage process 
when the solution pH is below 5. No additional oxidizer, like e.g. H2O2, was 
used in the experiments. This can be considered highly beneficial since the 
addition of each chemical in the treatment system complicates the system to 
some extent. 
Additional analysis methods, like chromatographic or capillary 
electrophoresis determination, for the measurement of the degradation rate of 
EDTA would have been highly appreciated for the analysis of the results. 
However, at the time of the experiments, these analysis methods had to be left 
out of the study, since radioactive solutions were used and suitable analysis 
instruments were not available for such analysis. It was also decided, that due 
to the rather time consuming experiments (maximum three UV irradiation 
experiments in a week), solutions without radioactive tracer were not used. 
However, the analysis of the degradation rate should be done in the future.  
When considering a typical NPP floor drain water effluent, the activation 
corrosion products (e.g. nickel and cobalt) are present in trace concentrations 
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and calcium accounts for the majority of the divalent metal ion concentration. 
When the calcium concentration is in the millimolar concentration range, the 
cobalt removal efficiency of the antimony oxide-IV should not be hampered 
which emphasizes its suitability for the purification of aqueous nuclear waste. 
However, it should be mentioned that the situation was somewhat different 
for waste solutions that contain EDTA, since the effect of calcium was evident 
in EDTA bearing solutions also in the millimolar concentration range.   
UV irradiation can be considered as an efficient addition for the cobalt 
sorption process with antimony oxides. According to the XRD analysis, the 
bulk structure of the synthesized antimony oxides showed no changes during 
UV irradiation, which emphasized the usability of the material in liquid waste 
treatment systems utilizing UV irradiation. 
It is possible to remove particulate cobalt from NPP effluents by filtration 
but the soluble forms of cobalt require the use of e.g. precipitation or ion 
exchange. A rather difficult waste form, radioactive sludge, is produced in the 
precipitation process. Sludge contains also inactive metals and usually 
requires solidification in e.g. cement, to be suitable for final disposal. Using 
selective sorbent materials results in a smaller amount of solid waste as the 
accumulation of inactive metals is avoided and only target radionuclide is 
removed from the effluent.   
In addition to the analysis on EDTA concentration in the solutions, in the 
case of antimony oxide, also the concentration of calcium and nickel should be 
analyzed in further studies. This would enable understanding the sorption 
behaviour and possible oxidation of the solution components. The future 
studies should, thus, include also investigations of the redox chemistry of the 
involved elements. It would also be beneficial to include iron in the future 
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